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Abstract: We demonstrate a method to generate entangled photons 
with controlled spatial shape by parametric down conversion (PDC) in a 
2D nonlinear crystal. A compact and novel crystal source was designed 
and fabricated, generating directly path entangled photons without the use 
of additional beam-splitters. This crystal supports two PDC processes, 
emitting biphotons into two beamlike modes simultaneously. Two coherent 
path entangled amplitudes of biphotons were created and their interference 
observed. Our method enables the generation of entangled photons with 
controlled spatial, spectral and polarization properties. 
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1. Introduction 

Entangled photonic states are commonly generated using the nonlinear process of optical para- 
metric down-conversion (PDC) [ 1 1. In PDC, a single pump photon is converted into two lower 
energy photons in a quadratic nonlinear crystal. As the pump photon and the down-converted 
photons are of different wavelengths, phase-matching (PM) conditions have to be fulfilled in 
the form of momentum and energy conservation. As a result, the down-converted photons are 
highly correlated in many degrees of freedom. The PM conditions can be fulfilled in several 
ways, such as angle and temperature tuning in birefringent crystals and with the quasi phase 
matching (QPM) method, using periodically or aperiodically poled crystals (HO. 

The QPM technique involves a spatial modulation of the second-order nonlinearity of the 
material. As a result, the PM criteria must be satisfied while taking into account the modulated 
nonlinearity. The PM condition in fc-space (the reciprocal lattice) is therefore 

&2w k\v[ k\V2 ) (1) 

where k2a> is the momentum of the pump, k mj the momentum of the down-converted photons, 
and G„ is a reciprocal lattice vector of the nonlinear crystal. The modulation vector and the 



material dispersion properties determine which wavelengths satisfy the PM conditions. Addi- 
tionally, other properties of the generated beams can be controlled by careful tuning of the 
modulation, such as their shape HI), focusing J6||7], and spectral properties B. At first, QPM 
was realized by one dimensional periodic modulation, but later more sophisticated modula- 
tion patterns appeared, such as quasiperiodic modulation HUH) and two-dimensional periodic 
modulation 01 111121 . These patterns provide a larger variety of reciprocal lattice vectors, hence 
offering more possibilities for phase matching. When the nonlinear coefficient is periodically 
modulated along two directions, a two-dimensional nonlinear photonic crystal (NPC) is formed. 
This NPC supports modulation vectors G m ,„ = mG x x + nG y y with two degrees of freedom, such 
that PM can be fulfilled in several directions and for different wavelengths. 

Entanglement can be realized between various degrees of freedom of the photons. In this 
work, we focus on entanglement between the number of photons and their path. Such states are 
superpositions of two -photon amplitudes, in which all the photons are in one of two possible 
optical modes or in the other. When the two modes are interfered, oscillations that are N times 
faster than the wavelength are observed. These states have been shown to exceed the classical 
limit of measurement accuracy and can be used to reach the quantum Heisenberg limit lfl3l . 
Path entangled states were demonstrated by Hong-Ou-Mandel (HOM) bunching photons at 
a balanced beam-splitter (BS) JT4, 15], combining a few photons statistically with BSs lfl6l . 
post-selection of appropriate amplitudes 0171 , and by combining classical and nonclassical light 
beams at a BS |[T8t 

Ideally, the PDC process should generate the path entangled states directly into easy to collect 
beamlike modes. However, in many cases, owing to the rotational symmetry of the nonlinear 
process, the down converted photons are generated along cones of light |TJ. This severely limits 
the collection efficiency of the entangled photons. An alternative method is to generate the 
entangled photons in two collinear counter-propagating directions [19, 20). This scheme can 
provide high efficiency, but requires pumping the nonlinear crystal simultaneously along two 
counter-propagating directions, filtering of the collinear pump beams, and an interferometric 
setup for combining the two counter-propagating down-converted photons. Another alternative 
uses two type-II crystals to generate non-collinear beamlike polarization entangled photons 
||2T1 . None of these schemes generates path entangled states directly. 

2. Theoretical background 

In this work, we demonstrate a path-entangled state that is generated from a two-dimensional 
periodically poled NPC [22|. This scheme, which was recently proposed theoretically ||23l . 
overcomes the limitations of existing methods by controlling the spatial properties of the down- 
converted photons |6) . The two biphoton states are directly generated into well defined non- 
collinear beamlike modes, using a single pump beam. The reciprocal lattice of the 2D NPC 
supports two processes. Thus, a pump photon can split into two down-converted photons that 
are in either one of two coherent well-defined spatial modes [see Fig. [TJa)]. The two-photon 
state is 

|i^) = ^(|2,0)+ e 2l< P|0,2)), (2) 

where \a,b) is a two-mode Fock state with a photons in one mode and b in the other. The angle 
<p is a controllable relative phase between the two modes. The accumulated phase between the 
two amplitudes is twice this angle due to the two-photon effective de-Broglie wavelength [24|. 
The control of the PM condition through the crystal temperature affects the photons' mode 
shape and their overall collection efficiency. The phase-matched process is for the d : -~ element 
of the quadratic nonlinear tensor, and thus the pump photon and both down-converted photons 
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Fig. 1. (a) A reciprocal lattice representation of the momenta involved in the down- 
conversion processes in the crystal, (b) An alternative possible design that avoids the Gifi 
circle, (c) The experimental setup (see main text for details). 



are all extraordinarily polarized. The reciprocal vector elements in our configuration are 

mG x = \k 2 w\- (M + M)cos(6>), 

nGy = {% l \ + \k Wl \)sm{8). (3) 
3. Crystal design and fabrication 

The NPC periods were calculated for a stoichiometric LiTa03 (SLT) crystal 11251 . where an 
angle of 0.8° between the pump and the down-converted photons inside the crystal was chosen. 
For degenerated down-conversion process using 404 nm pump photons, we found A A = 3.2 fim 
and A v = 13 .46 fim for m=n= 1 . In order to avoid a modulation period which is hard to fabricate, 
we chose m=2, n=l such that the x period is A v = 6.4 jj,m. 

For designing our poling pattern we assume a circular motif [1221 in each lattice point, i.e., 
the second order nonlinear coefficient is inverted in circular areas that are centered on each one 
of the lattice point. The radius R of the circle determines the Fourier coefficient at each spatial 
frequency and therefore the efficiency of the process. In order to avoid overlap we limit the 
radius to be less than half of the period. Since this is a rectangular lattice, according to El the 
Fourier coefficient is given by 

The optimal result is obtained for a motif with a radius of 2.7 jim, and the Fourier coefficient 
in this case is 0.087. A 0.5% Mg-doped SLT was poled by electric -field poling. The crystal 
dimensions were 0.5 x 13 x 15 mm. The inverted domain structure was created by applying 
an electrical field through patterned electrodes on the crystal surface l26l . High-voltage pulses 
were applied to the polar crystal surfaces using a computer-controlled system, by limiting the 
pulse duration at a given current and driving voltage level while monitoring the current and 
charge transfer. The total switching charge required for complete poling was 60 jxC/cm 2 , which 
was done with an electric field of 3 KV/mm at room temperature. Under these conditions, the 
maximal current density that we obtained was 25 /xA/cm 2 . It should be noted that when one 
uses small size of motif on the mask (typically less than 5 /im), it is difficult to control the 



exact shape and size of the inverted domains. To overcome this limitation we use a multi- 
grating design, with different sizes and shapes of the motif on the mask. The good quality of 
the realized structure can be seen in the inset of Fig. |2] Two gratings have square motifs (2.4 x 
2.4 jj.m and 5.5 x 5.5 /xm), and two other gratings have rectangular domains (5 .5 x 6.73 jJ.m and 
2.4 x 6.73/im). The inverted domains exhibited nearly circular shape when the square motif 
was used, and an oval shape when the rectangular motif was used. Each rectangular lattice was 
poled on an area of 3 x 13 mm 2 . 

4. Experimental setup and results 

A narrow line width diode laser with 35 mW and at a wavelength of 404 nm pumps a two- 
dimensionally poled stoichiometric LiTa03 crystal whose temperature is controlled and stabi- 
lized within ±0.05°C [see Fig.QJc)]. After passing through the 13 mm long crystal, the pump 
light is filtered out using a dichroic mirror and a long-pass filter. The 808 nm down-converted 
photons are further filtered by a 3 nm wide bandpass filter (BPF) and spatially filtered by cou- 
pling them into single mode fibers. A half-wave plate (HWP) and a quarter-wave plate (QWP) 
before the fiber coupling of one of the two paths are used to restore the interference between the 
two paths, which is lost due to the random polarization rotations in the two fibers. The relative 
phase between the paths is controlled by rotating a 1 mm calcite in one of them. After the two 
paths are combined at a balanced fiber coupler (BFC), they are coupled into two single photon 
detectors. The two paths coincidence count rate is detected within a 7ns window l27l . 

The angular spread of the down-converted photons was measured using a cooled CCD cam- 
era placed after the pump block filter and the narrow bandpass filter. The working condition 
was searched by tuning the relative angle between the pump and the input facet, and the crystal 
temperature. These angle and temperature values were set such that the two down-converted 
modes were generated symmetrically into beamlike modes. For our sample, such beam shape 
for the G2.1 and G2-1 modes was achieved at a crystal temperature of 61 .00 ± 0.05°C, as pre- 
sented in Fig. |2] by the two filled circles. At lower temperatures, the difference between the 
refractive indices of the pump and the down-converted photons is smaller, the PM condition is 
not fulfilled, and no photons are emitted into these modes. On the other hand, when the crystal 
temperature is increased above this working point, the beamlike PM pattern changes into cones, 
and its projection on the camera is in the form of circles of increasing radius. 

In order to observe the two-photon interference between the two down-converted modes, first 
the coupling of each mode has to be optimized. When blocking one mode before it is coupled 
into the fiber, the coupling of the second mode into its respective fiber is optimized through 
the two detectors' coincidence rate. Similarly, the coupling of the first mode is optimized when 
the second mode is blocked. Each of these two coincidence rates were about 1000 per second 
for a pump power of 35 mW. The detection of pairs of photons from each of the modes is not 
sufficient, as an incoherent mixture of two photons in one of the two modes would still show 
the same results. In order to demonstrate the presence of coherence between the two process, 
as in the state of Eq. [21 they are combined at the BFC. The ideal state of Eq.|2]is transformed 
by the BFC to 

1^ = 1(1-^)1^) + 1(1+^)11,1). (5) 

When the relative phase between the two paths is scanned, the state oscillates at double the 
phase between the state |y/ 7 ) of both photons at a single mode, and the state where their is a 
single photon in each of the modes. When (p = n/2 or 3n/2, the crystal generated output is an 
eigenstate of the BFC operation. When q> = or %, the two photons undergo a process which 
is the inverse of the HOM bunching fl31 . resulting in the 1 1 , 1) anti-bunched state. 

Clearly, an additional process is present in the form of a large circle around the pump beam, 
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Fig. 2. A picture of the down-converted photons through a 3 nm bandpass filter centered at 
808 nm. It was taken using a cooled sensitive camera placed after the pump filter [see Fig. 
[TJc)]. Inset: an optical microscope picture of the NPC. 



overlapping with the two signal beams (Fig. |2j. This unwanted process is a result of one down- 
converted photon emitted along one beam while the other is emitted along the other beam. The 
crystal PM vector for this process is G2,o- The number of events collected from this unwanted 
process is measured as coincidence events between the two modes. The ratio between the events 
produced by this unwanted process and the desired G% ±i processes is 15%. Although our re- 
sults are not affected considerably by this process, we note that a non-rectangular reciprocal 
lattice such as suggested in Fig. Q2b) will eliminate this process, as no reciprocal vector lays at 
the middle point between the two participating vectors. There are also three weak circles in the 
picture that we attribute to other possible nonlinear processes. 

We measured the single (one photon from either one of the BS ports) and the coincidence 
counts (two photons exit the BS into different ports) while changing one of the optical path 
lengths by rotating the 1 mm calcite crystal (see Fig.[TJ. The single counts show no dependence 
to the delay changes whereas quantum interference is observed in the coincidence counts l28l . 
Because two photons are accumulating phase together, the total phase between the two terms of 
is doubled. This coincidence corresponds to the anti -bunched term of The observed 
oscillations with a visibility of 72 ± 1% are presented in Fig.|3jb). The oscillation period is half 
the wavelength of each of the photons, commonly regarded as super-resolution 11291 . 

The non-perfect visibility is attributed to four causes. The fiber coupler has a weak wave- 
length dependence, resulting in 45/55% imbalance at the working wavelength. Secondly, there 
is inaccuracy in the polarization matching of both modes at the BFC, resulting in distinguisha- 
bility between the two modes. Additionally, the second order term, describing two pump pho- 
tons that split into four down-converted photons within the coherence time, reduces the visibil- 
ity. In order to evaluate the second order term effect, we measured the number of pairs created 
in one path as a function of the pump power. Deviation from a linear dependence indicates the 
presence of higher order terms. We observed that 10% of the pairs for a 35 mW pump power 
were created from high order events, and estimate the total effect on the visibility to be a reduc- 
tion of ~ 7%. Lastly, the anti-bunched pairs from the Gifi circle affect the visibility. Ideally, 
they do not contribute to the coincidence detection, regardless of the applied <p phase lfl5ll . 
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Fig. 3. (a) Single counts of the left (red circles) or right (black squares) port of the BS. 
No dependence on the relative delay between the two paths is observed, (b) Coincidence 
counts as a function of the relative delay between the two paths. Interference pattern in the 
coincidence counts is observed with a contrast of 72 ± 1%. The interference period is half 
of the photons' wavelength. Error bars are calculated assuming Poissonian noise statistics. 
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Fig. 4. The interference visibility as a function of the relative polarization rotation between 
the two paths. At zero angle the two paths are indistinguishable at the BFC and the visi- 
bility is maximal. When the polarization of only one path is rotated, distinguishability is 
introduced and the interference contrast decreases. 



Practically, the imbalance of the fiber coupler can generate a constant background signal to the 
coincidence interference. For the parameters of our experiment, we calculated this background 
to reduce the visibility by 5%. 

The two-photon interference requires complete indistinguishability between the photons in 
both paths. For the beam combining, spatial overlap is achieved by using a single-mode BFC. 
Temporal indistinguishability can be determined by the amount of spectral filtering. In our ex- 
periment, the pump laser has a coherence time of about 100 ns, which is much longer than 
the 300 fs coherence time imposed by the 3 nm filters. Therefore, temporal indistinguishability 



is not a problem. Polarization difference between the two paths is another degree of freedom 
that can contribute to distinguishability. As it is easily controlled using the wave plates, it is 
possible to verify that the interference is between the two spatial modes and not between two 
polarization modes. We measured the interference visibility while gradually rotating the pho- 
ton's polarization on one path using a HWP (see Fig. |4j». With no rotation, the polarizations of 
both paths match, and interference is observed. When a relative rotation between the two paths 
is applied, distinguishability is introduced and the interference decreases. At 90°, there is non- 
vanishing visibility of about 5%, which is attributed to some elliptical polarization mismatch. 
As stated above, this also affects the maximal observed visibility. 

5. Conclusions 

In conclusion, we have demonstrated a method to control the spatial properties of entan- 
gled down-converted photons. Two-photon path entangled states were generated from a two- 
dimensional periodically poled nonlinear crystal. Bunching on a beam splitter is not required as 
the states are emitted directly from the source. The two paths of the generated state were com- 
bined at a fiber coupler and quantum amplitude oscillations with a doubled phase sensitivity 
were observed. This source demonstrates the ability to simultaneously phase-match more than 
one quantum process in such two-dimensional crystals. This method can be further extended 
for generating entangled photons with controlled spatial, spectral and polarization properties. 
For example, polarization entangled photons can be created using a slightly different scheme 
in which the same crystal is pumped with y-polarized pump, thereby generating pairs of or- 
thogonally polarized photons through the d yzy process (30]. After the submission of this work, a 
similar independent result was submitted to the Arxiv J3T]. 
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